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ABSTRACT 



Context. Fe xxv lines at 1 .85 A (6.70 keV) and nearby Fe xxiv satellites have been widely used for determining the temperature of the 
hottest parts of solar flare and tokamak plasmas, though the spectral region is crowded and the lines are blended during flare impulsive 
stages. 

Aims. The aim of this work is to show that similarly excited Fe lines in the 7.7-8.6 keV (1.44-1.61 A) region have the same diagnostic 
capability with the advantage of not being so crowded. 

Methods. Spectra in the 7.7-^.6 keV range are synthesized using the CHIANTI spectral package for conditions (temperature, turbulent 
velocities) appropriate to solar flares. 

Results. The calculated spectra show that the Fe lines in the 7.7-8.6 keV are well separated even when turbulent velocities are present, 

and Fe xxiv/Fe xxv line ratios should therefore provide valuable tools for diagnosing flares and tokamak plasmas. 

Conclusions. Fe lines in the 7.7-8.6 keV range are ideal for the measurement of flare temperature and for detecting the presence of 

low-energy nonthermal electrons present at flare impulsive stages. An indication of what type of instruments to observe this region is 

given. 

Key words. Line: identification - Plasmas - Sun: abundances - Sun: corona - Sun: flares - Sun: X-rays, gamma rays 



1. Introduction 

The diagnostic potential of high ly ionized iron lines at ~ 1 .9 A 
(~ 6.7 keV) was recognized by Gabriell ( Il972h who pointed out 
that Fe xxiv satellite lines with transitions 1 s^nl- 1 s2pnl (n > 2), 
with upper levels formed by dielectronic recombination of He- 
like iron (Fe^^'*), have fluxes which, relative to the Fe xxv reso- 
nance line w (1*2 ^So-ls2p ^Pi) at 1.851 A (6.699 keV), depend 
on electron temperature T^, roughly as This has proved ex- 
tremely u seful for u nders tanding the hottest parts o f solar flare 
plasm as dPoscheld 1199 0*) and tokamak plasmas (Bitt er et all 
119791) . The most inte nse n - 2 satellites include (in the nota- 
tion of lGabriell ( [19721) ) ; (1.867 A, 6.642 keV) and k (1.864 A, 
6.652 keV) which are resolved from other nearby lines by crystal 
spectrometers with spectral resolution 0.001 A (4 eV). The most 
intense n = 3 satellites include the dl3, dl5 pair at 1.852 A 
(6.695 keV), which are on the long-wavelength side of line w 
dBelv-Dubau et all Il979al) . while n > 4 satellites are progres - 
sively less separated from the w line dBelv-Dubau et allll979bh . 
At the onset of solar flares. X-ray lines show a broadening which 
is commonly attributed to turbulence resulting from the impact 
of nonthermal electrons accelerated at the flare impulsive stage. 
The broadening may amount to 0.03 A (0. 1 1 ke V, equivalent to a 
few hundred km s ') which leads to a blurring of the satellite line 
structure, so determinations of temperatures become less certain. 
Also, satellites with « > 3 on the long-wavelength side of the 
Fe xxv line w including the dl3, dl5 pair may be indistinguish- 
able from w. A method for searching for low -energy, nonther- 
mal electrons proposed by Gabriel & PhillipsI dl979l) . involving 
the comparison of temperatures derived from the ratios j/w and 
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(dl3 + dl5)/w, is thus made difficult to apply. In addition to the 
turbulent broadening, a short-wavelength ("blue-shifted") com- 
ponent is generally present for disk flares, making the determi- 
nation of temperatures from line flux ratios even less certain. 

While the spectral region 1 .85 1-1 .940 A (6.39 1-6.699 keV), 
which includes all dielectronic satellites emitted by Fe xxiv and 
lower ionization stages of Fe, has been very well studied with 
high-resolution spectrometers, the region 1.44-1.60 A (7.7- 
8.6 keV) has hardly received any attention. This range con- 
tains higher-n Fexxv lines with transitions li^ '5o - Isnp^Pi 
(n = 3, 4, 5 etc.) and associated Fexxiv satellites with transi- 
tions \s^2p-\s2pnl{n > 3) which are well separated from each 
other, even when turbulent velocities of a few hundred km s ' are 
present. The purpose of this paper is to point out that these lines 
are more suitable for the determination of temperatures from the 
hottest part of solar flares, and may prove particularly useful for 
searching for nonthermal electrons during flare impulsive stages. 

2. Spectral region 7.7 - 8.6 keV 

A selection of lines in the spectral range 7.7-8.6 keV is 
given in Table [1] The principal Fe xxv lines with transitions 
'^o - Isnp 'Pi (n = 3, 4, 5) are labelled W3, W4, ws, and 
the much weaker subsidiary lines with transitions Is^^Sq - 
Is np^Pi are labelle d ^3, ^4, y^, following nomenclature of 
Phi llips et al.l d2006al) for corresponding Si lines observed with 
the RESIK spectrometer on CORONAS-F. Wavelengths ( A) and 
photon energies (keV) are listed, the data being from PhillipsI 
(200l) and the CHIANT I database and software (De re et all 
il997riLandi et all 12006 ^ (v. 5.2.1). (Note that from hereon, 
we specify lines by photon energies in keV.) Figure [1] shows 
a synthetic spectrum (logarithmic flux scale) in the range 6.5- 
8.8 keV, so includes the Fexxv w line and associated Fexxiv 
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satellites. The spectrum was synthesized using CHIANTI (v. 
5.2.1), and assumes coronal excitation and ionization con- 
ditions and coronal abundances from Feldman et al. (1992) 
(t hese are negligibly different from those of the later work 
of iFeldman & LamingI (i2000i) ). The effective collisional excita- 
tion rates used in CHIANTI for the Fe xxv and Ni xxvii lines 
are from the intermediate-coupling calculations including auto- 
ionizing resonances of Zhang & Sampson (1987,). The princi- 
pal Fexxv lines with transitions ls^'5o - Isnp^Pi (n - 3, 
4, 5) are important in the 7.7-8.5 keV region, as are groups 
of Fexxiv satellites with transitions ls^2p - \s2pnl (n > 3) 
covering small energy ranges. In Fig. [T] they are labelled "3p 
sat", "4p sat", "5p sat". The energy of each satellite group is 
approximately 0.15-0.17 keV less than that of the correspond- 
ing "parent" Fexxv line with transition ls^'5o - Isnp^Pi. 
Also present are Ni xxvn lines, including line w, and associated 
Ni XXVI \s^nl-\s2pnl (n > 2) satellites, blending with the group 
of Fe XXIV Is^ 2p - \s2p3p satellites. The temperature assumed 
in Figure[T]is T,, - 20 MK, a typical peak flare temperature mea- 
sured from the Fe lines near 6.7 keV. For higher temperatures, 
the Fexxiv satellites (labelled 3p, 4p, 5p) are correspondingly 
less intense than the corresponding Fe xxv parent lines. 

Each group of Fe xxiv satellites in the 7.7-8.6 keV range is 
not only fairly widely separated from its parent line, but is dom- 
inated by one particular satellite, with transition 2p^P^i2 - 
ls2pnp^Ds/2- The next most intense satellite, with transition 
ls^2p^P\l2—\s2pnp ^Z)3 /2, is at least a factor 2 l ess intense. The 
grouping of such satellites in Si was noted by Svlwest er et al.l 
(2003) and in laboratory spectra by Feldman et al. (191 A^. 

There are very few solar flare observ ations of the sp ectral 
region 7.7-8.6 keV, but one, reported by lNeuper3 ( 11971 '). was 
made during a large (optical class 2B) flare on 1969 February 27. 
The spectral range in question was covered by a crystal spec- 
trometer using LiF crystal {2d - 4.027 A). The spectrum shows 
a prominent line feature at ~ 7.9 keV (~ 1.56 A, assum- 
ing a linear wavelength scale in the figure shown by iNeuperj 
(ll97lh X and although identified as Ni xxvii it is more likely to 
be the Fexxv Is^'S'o - ls2>p^Pi (W3) Une. Broad-band flare 
spectra in this region have been observed by the PIN (solid- 
state detector) part of the X-ray Spectrometer (XRS) on the 
Near Earth Asteroid Re ndezvous (AEA/Jj-Shoemaker spacecraft 
dGoldsten et all 1 19971) with spectral resolution of 600 eV at 
5.9 keV. At this resolution, the 6.7 keV line feature, which in- 
cludes the Fe xxv w line and n - 2 satellites, is unresolved as 
the "Fe-line feature", while the higher-n Fexxv lines and as- 
sociated Fe xxrv satellites appear as a broad structure, with the 
group of n = 3 lines at ~ 7.8 keV barely resolved from the 
n > 4 lines at 8.2-8.5 keV. This can be seen from the spectrum 
shown in Figure|2]taken during a large flare on 1998 January 15. 
Superimposed on the NEAR-Y'll^ spectrum, which extends over 
the range 1 .2-9.7 ke V, are spectra from the Yohkoh Bragg Crystal 
Spectrometer (BCS) which had narrow spectral windows cen- 
tred on groups of lines due to He-like S (S xv), Ca (Ca xix), and 
Fe (Fe x xv). BCS calibration factors were taken from data given 
by Culhane et al.l (1199 1) and incorporated in standard IDL BCS 
analysis software. The continuum levels in the BCS and NEAR- 
PIN spectra are within 40 % (the BCS peak fluxes of the lines 
are much higher than the corresponding bumps in the NEAR-PIN 
spectra owing to the higher spectral resolution of the BCS). 

Other broad-band spectral observations are available from 
the Reuven Ramaty High-Energy Solar Spectroscop ic Imager 
(RHE SSI) with energy range ~ 3 keV to 17 MeV dLin et all 
I2OO2I). For seven of its nine detectors in the 4-10 keV range the 
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Fig. 1. Synthetic spectrum for solar flare plasma with = 
20 MK and volume emission measure = 10"*^ cm"-', plotted on 
a logarithmic flux scale, using the CHIANTI database and soft- 
ware (v. 5.2.1). Coronal abundances from .Feldman et al., (,19921) 
are assumed. 
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Fig. 2. Spectrum in the 1.2-9.7 keV range observed by the solar 
spectrometer A^/iATJ-PIN during a flare on 1998 January 15, com- 
pared with spectra in narrow ranges around the S xv, Ca xix, and 
Fe xxv w lines as observed with the Bragg Crystal Spectrometer 
on the Yohkoh spacecraft. The energies of other line groups are 
also indicated (only the Si xiii line group is apparent). 



spectral resolution is about 1 keV. During the onset of a solar 
flare, attenuators are inserted over the detectors so that the at- 
tenuator states during a large flare go from AO (no attenuator), 
through Al (thin attenuators inserted) to A3 (thin and thick at- 
tenuators inserted). The Fe-line feature is generally clearly visi- 
ble in Al and A3 spectra, analysi s of which has led to coronal Fe 
abundance determinations ( Phillips et al.L l2006lj) . In A3 spec- 
tra, an emission line feature at ~ 8 keV is tentatively attributed 
to the cluster of Fexxv lines, Fexxiv satellites, and Nixxvii 
lines to form the "Fe/Ni-line feature", though the nearby Fe-line 
(6.7 keV) feature and an instrumental line feature at ~ 10 keV 
makes this line feature difficult to measure. 
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Table 1. Principal lines in the 7.7-8.6 keV X-ray region. Note a: From CHIANTI, based on solar coronal abundances, temperature 
20 MK and volume emission measure 10"*'' cm"-*. 



Energy (keV) 


Wavelength (A) 


Ion 


Line label 


Transition 


Flux" 


7.7573 


1.598 


Ni XXVI 






285 


7.7822 


1.593 


Fe XXIV 




U^2p^P3/2-is2pCP)3p^Ps,2 
ls'-2p^P3,2-ls2pCP)3p^D„2 
ls'-2p^Pil2-ls2pCP)3p^D3i2 


520 


7.7915 


1.591 


Fe XXIV 


J3 


2810 


7.7924 


1.591 


Fe XXIV 




370 


7.8052 


1.589 


Ni XXVll 


W 


li^'So- lj2p'Pi 


409 


7.8721 


1.575 


FeXXV 


yi 


ls^^So-\s3p^Pi 


589 


7.8811 


1.573 


FeXXV 




li-'So- li3/7'Pi 


2650 


8.1785 


1.516 


Fe XXIV 


J4 


\s'2p'-P3,2-\s2peP)Ap'-Ds,2 
ls^2p'-Pii2-ls2peP)4p'-D3i2 
Is- 'So - ls4p^Pi 


1030 


8.1812 


1.516 


Fe XXIV 




230 


8.2917 


1.495 


FeXXV 




151 


8.2956 


1.495 


FeXXV 




Is^ 'So - ls4p '/>! 


724 


8.3554 


1.484 


Fe XXIV 




ls^2p^P3,2-ls2pCP)5p^Py2 


83 


8.3582 


1.483 


Fe XXIV 


h 


ls^2p^P3l2-ls2peP)5p^Dy2 

ls^2p^Py2-U2pCP)5p'-D3i2 


473 


8.3610 


1.483 


Fe XXIV 




68 


8.3763 


1.480 


Fe XXIV 




ls^2s^Sii2-\s2s{^S)5p^P3l2 


87 


8.3768 


1.480 


Fe XXIV 




\s^2s^Sii2-\s2sCS)5p^Pil2 


132 


8.4064 


1.475 


Fe XXIV 




ls^2s^Sii2-ls2sCS)5p^P3l2 


95 


8.4852 


1.461 


FeXXV 


ys 


\s^^So-\s5p^Pi 


63 


8.4875 


1.461 


FeXXV 




Lr'So-li5p'/'i 


296 
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Fig. 3. Spectra in the 7.7-8.6 keV range synthesized from 
CHIANTI with solar coronal abundances, and spectral resolu- 
tion Aii ~ 2 eV. The temperatures are indicated. Satellite line 
groups and parent lines are identified according to the text and 
Table H 



3. Diagnostic potential of lines 

3.1. Temperature estimates 

Figure [3] shows spectra synthesized from CHIANTI in the 7.7- 
8.6 keV range (Hnear flux scale) for T, = 15 MK, 20 MK, 
and 25 MK, typical of moderate to very intense solar flares. 
The spectral resolution chosen was equal to the thermal Doppler 
width (FWHM) for ion temperature equal to T^, i.e. AE - 
3.0 eV, 3.5 eV, and 3.9 eV respectively. The Fexxiv satellites 
with transitions ls^2p^P2/2 - Islpnp^D^jo are labelled 73, 74, 
and is for « = 3, 4, 5, by analogy with the Fexxiv satellite j 
{\s^2p^P-il2 - Islp'^^Dsji at 6.642 keV. Clearly, the fluxes of 
the Fe xxiv satellites relative to the corresponding Fe xxv W3, W4, 
and W5 lines decrease as Tg increases. 



Excitation of the satellite lines proceeds by dielectronic re- 
combination of the He-like stage, Fe^^'*. This occurs first by di- 
electronic capture: 



X+'"(liO + e(nO 



X^'"-Hls2pnl) 



(1) 



(the left arrow indicating that the reverse, autoionization process 
may occur), followed by stabilizing transitions: 



X^'^'-^lslpnl) X^"'-\ls2pn'l') + hv 



(2) 



where «' < n. If the configuration \ s2pn'l' is \s^2p, hv - hv^at, 
the transition energy of one of the satellite lines in the 3p, 4p or 
5;? groups. 

The satellite line flux is then proportional to the den- 
sity of electrons A^^ and Fe^^'* ions, to the dielectronic capture 
rate which by the principle of detailed balance is proportional 

3 /2 

to Aa/Tg (Aa - the auto-ionization rate), and to a branching 
ratio Ar/iA„ + SA,) indicating the relative probability of a ra- 
diative transition o ccurring after t he dielectronic capture pro- 
cess in Eq. [T] (see iGabriell (|1972|) ). It is also proportional to 
expi-EJkBTg) where Es is the excitation energy of the dou- 
bly excited configuration \s2pnl above the Fe^^^ ground state 
^Sq (ks is Boltzmann's constant). Thus 



F, = constant x A^^ A?(Fe+^^) 



+24\ ^rAa 



n3/2 



(3) 



The flux of the corresponding Fexxv parent line, transition 
\s^-\snp, which is mostly coUisionally excited from the ground 
state, is 



(4) 



where C is the collisional rate coeflicient, corrected by a factor 
(1 +a) to allow for high-n satellites blending with the parent line. 
C is approximately given by 



^ 8.63xlO-''T ^ „ ^ 
C = YJi &xpi-Eo/kBTg) 



(5) 
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(a) Fe XXIV (1s^ 2p- 1 s2p3p)/Fe XXV (ls^-ls3p) 

(b) Fe XXIV (Is^ 2p-ls2p4p)/Fe XXV (ls^-ls4p) 

(c) Fe XXIV (Is^ 2p-ls2p5p)/Fe XXV (ls^-ls5p) 
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Fig. 4. Ratios of Fe XXIV satellite lines to Fe XXV parent Unes, 
(a) n = 3; (b) n = 4; (c) n = 5 satellites within 4 eV of the ]„ 
satellite line. For the n = 3 satellites, the dotted line shows the 
contribution of Ni XXVII and Ni XXVI lines within 4 eV of the 
73 satellite. 



where T is the effective collision strength of the transition, a 
slowly varying function of T^, and Zsq is the parent line excitation 
energy. Thus, the flux ratio 



F na 



= constant x 



exp[(EQ- E,)/kBTe] 



(6) 



where the constant includes all atomic constants. For typical 
flare temperatures, (£0 - E^) is rather small compared with kgT^ 
so the satellite line-to-parent line flux ratio is close to T^'. 
Incidentally, for these satellites at solar flare densities (A^^, ~ 
10" cm"^), inner-shell excitation of the upper levels, e.g. from 
the ls^2p^Pi/2, levels, does not contribute significantly 

owing to the small population of these levels at solar flare densi- 
ties. 

Figure ID shows the line ratios of 3p, 4p, 5p satellite groups 
to their corresponding parent lines plotted against log Tg (ratio 
scale logarithmic). The Fe xxiv satellites have been taken to be 
all those within 4 eV of the J3, J4, 75 satellite which is the one 
that dominates each satellite group 3p, Ap, 5p. Thus, measure- 
ments of the line ratios are assumed to be made with an instru- 
ment having a spectral resolution ~ 4 eV. The ratios have again 
been estimated from line fluxes given by CHIANTI. The Fe xxv 
parent lines have been taken to include both the allowed and 
intercombination lines w„, y„ (transitions Is^ 'S'o - Isnp 'Pi, 
Is^ ^S() - Isnp^Pi), but not unresolved satellites with n > 5 
which are not included in CHIANTI. The fall-off of the ratio is 
not quite as T^r' owing to the slight temperature variation of the 
exp [(£0 - Es)/kBTg] factor 

The Fexxiv 3p satellite group is blended with the Nixxvn 
Unes and associated Ni xxvi n - 2 satellites, and this needs to 
be taken account of in Fig. |4] The dotted line shows the ratio of 
the Fe xxiv 3p satellite group with the Ni lines occurring within 
4 eV of the Fe xxiv line. The Fe/Ni coronal abundance is 18 
dFeldman & Lamingil2000h . so the contribution of the Ni lines 
is always small, increasing with Tg. 

Although the satellites in the 7.7-8.6 keV range would ap- 
pear to have little advantage in the measurement of flare temper- 
atures over that provided by the n = 2 lines in the 6.7 keV range, 
the larger separation of the 3p, 4p, and 5p satellites from their 
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Fig. 5. Solai- flare spectra from the SMM BCS during the limb 
flare on 1980 June 29: a at the flare impulsive stage, 1823:34 UT. 
Integration time 12 s. Lines are broadened by a presumed turbu- 
lent mechanism, with measured width (FWHM) - 0.0096 keV 
(turbulent vely 170km s"'). The n = 3 satellite line feature made 
up of the dl3, dl5 lines is completely blended with the Fexxv 
w line, b after the flare impulsive stage, 1826:11 UT, integra- 
tion time 12 s. Lines are broadened with measured FWHM = 
0.00755 keV (turbulent vely 130 km s"'), sufficiently small that 
the dl3 + dl5 feature is now apparent. 



parent lines means that they are always much better resolved 
than the satellites near the w line at 6.70 keV. Figure|5]inustrates 
how at the flare impulsive stage a spectrometer with good res- 
olution - in this case the BCS on SMM - only partly resolves 
the satellite line structure in the range 6.60-6.69 keV, including 
the Fexxiv j and k lines. Fig.|5](fl) is the BCS spectrum during 
the impulsive stage of a limb flare on 1980 June 29. Although 
there is no significant blue-shifted component, the presence of 
turbulence means that the j and k lines are sufficiently smeared 
with neighbouring satellites that temperature estimation must be 
uncertain. A few minutes later (Fig. |5] (b)), the satellite lines 
are well resolved and temperatures can be accurately estimated. 
However, the temperature during the impulsive stage is of more 
importance for comparison with flare models involving electron 
beam fluxes for which temperature, bulk and turbulent veloci- 
ties are predicted. Figure |6] shows CHIANTI simulations of the 
7.7-8.6 keV region. In panel (a), the spectral resolution is 8 eV, 
equivalent to the 170 km s"' turbulent velocity that is estimated 
from SMM BCS analysis software for the spectrum in Fig.|5](fl); 
in panel (b), the spectral resolution is 6 eV, equivalent to the 
smaller turbulent velocity (130 km s ') in Fig. |5] (/?). In both 
cases, the 3p, 4p, and 5/:' satellite groups are well resolved from 
their parent lines. In the case of Fig. |5] (b), an estimate of the 
Nixxvii line contribution to the Fexxiv 3p satellites could be 
made by line-fitting techniques. 

3.2. Low-energy nonthermal electrons 



The method o f lGabriel&PhiUipsI (119791) to search for nonther- 
mal electrons with energy of a few keV relies on the comparison 
of temperature measurements using the j/w, (dl3 + dl5)/w, and 
(iil3 -I- iil5)/ j line ratios. Figure Q shows (right side) the en- 
ergy level diagram for Li-like Fe (Fe^^^) and (left side) He-like 
Fe (Fe^^"*) plus a free electron. Transitions forming the Fe xxv 
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iGabriel & PhillipsI ( Il979h method has been achieved using syn- 
thetic spe ctra to ma tch observed spectra during flare impulsive 
stages bv ISeelv"er al. (1987). These authors used nonthermal 
electron distributions of the form 



1.0 8.2 

Energy (keV) 

Fig. 6. Spectra in the 7.7-8.6 keV range synthesized with 
CHIANTI showing the principal Fe xxv lines and Fe xxiv satel- 
lites, a with FWHM 8.1 eV (equivalent to BCS spectrum in 
Fig. ID a), b with FWHM 6.3 eV (equivalent to BCS spectrum 
in Fig. Is]/?). For both spectra, the principal Fexxiv satellites are 
well resolved from the Fe xxv lines. 



w, W3, W4, and ws lines are shown. The excitation energies of 
the upper levels of these lines are indicated on the energy scale 
shown on the left-side of the diagram (energy of the ground state 
Is^ 'S'o equal to 0). Also shown is a Maxwell-Boltzmann dis- 
tribution appropriate to the free electron for Te - 20 MK, a 
typical peak flare temperature. Excitation of any of the Fexxiv 
satellites occurs by dielectronic capture of the free electron to 
give the doubly excited upper levels of the satellites j, ji, Ja, 
js, ls2p{^P)np^Ds/2 (« = 2 ...5). The free electron must 
have energies (to within the auto-ionizing widths, < 0.1 eV) of 
4.68 keV, 5.81 keV, 6.20 keV, and 6.38 keV for the excitation 
of the n - 2 . . .5 levels respectively. De-excitation occurs from 
the \s2p(^P)np^Dsi2 levels either to the ls^2p^P2,/2 level or 
to the ls^np^P3/2 level. Taking the case n = 3, the transition 
ls^3p^Pi/2 - ls2p{^P)3p^Ds/2 corresponds to the dl3 satel- 
lite at 6.694 keV, the transition ls^2p ^P^i2 - ls2p CP)3p ^^5/2 
to the 73 satellite at 7.792 keV. Note that the dl5 line (transition 
ls^3p^Pi/2 - \s2pCP)3p^-D-ii2) is blended with d\3, and has 
a flux of 0.73 X£/13. 

Formation of the doubly excited states by dielectronic cap- 
ture "samples" the Maxwell-Boltzmann distribution at energies 
4.68 keV, 5.81 keV, 6.20 keV, and 6.38 keV. The method of 
iGabriel & PhilhpsI (1197 9) was to estimate from the jj w ra- 
tio (Ti) or from the (dl3 + dl5)/w ratio (T2) and compare with 
the temperature from the (iil3 -i- iil5)/ j ratio (T3). If the flaring 
plasma can be assumed to be isothermal but if Ti and T2 are sig- 
nificantly higher than T3, nonthermal electrons may be implied 
at higher energies, e.g. > 10 keV, as are commonly deduced from 
hard X-ray spectra during the flare impulsive stage. If the num- 
ber of nonthermal electrons is insignificant at energies less than 
the threshold energy of the w line excitation (6.702 keV), tem- 
perature T2 is the true flare temperature (again, on the isothermal 
assumption) since it is measured by the numbers of electrons at 
energies 4.68 keV and 5.81 keV (upper levels of j and iil3). 

In practice, it has been found that, at the flare impulsive 
stage when nonthermal electrons are expected to be present, 
line broadening due to turbulence is such that the satellite fea- 
ture <il3 + <il5 is blended with Hne w (see the SMM BCS 
spectrum. Fig. |5] (a)). However, some success in applying the 



F(£) = 



E"^^ exp{-E/kBT) 
r(n/2 + l)(;tBr)«/2+i 



(7) 



where F is the gamma function. When the parameter n - I, F{E) 
reduces to the Maxwell-Boltzmann distribution with T - T^- 
The flux ratios jjw, {d\3 + d\5)lw, and {d\3 +d\5)l y ean be re- 
lated to expressions that are functions of n and T . The Fe xxv and 
Fexxiv lines at ~ 6.7 keV were observed with the SOLFLEX 
instrument on P78-1 during three flares, with hard X-ray bursts 
at the impulsive stages independently indicating the presence of 
nonthermal electrons. Very high values of n (> 15) were de- 
rived in the impulsive stage s which dec r eased to n ~ 1 dur- 
ing the flare thermal phases. ISeelv et al] (11987 !) attribute these 
to departures from Maxwell-Boltzmann distributions and not to 
non-isothermal (differential emission measure) effects since the 
(iil3 + d\5) feature is expected to be excited by more energetic 
electrons than the j satellite but during the flare impulsive stage 
the {d\3 + d\5) feature is actually enhanced relative to j. 

Clearly, observation of the Fexxiv 3p, 4p, and 5p satellite 
groups in the 7.7-8.6 keV region have the distinct advantage of 
not suffering from blending with their parent lines, even during 
flare impulsive stages, as well as the fact that for typical flare 
temperatures (15-20 MK) the satellites have comparable fluxes 
to the parent lines. This is illustrated by the SMM BCS spec- 
tra for a limb flare shown in Figure |5] (a), in which the weak 
iil3 -I- iil5 line feature is completely blended with the Fexxv 
line w, but for the same amount of line broadening for the 7.7- 
8.6 keV range all the satellite groups show as strong features 
well separated from the parent lines. Note that for disk flares, a 
short-wavelength component attributed to rising plasma would 
give rise to increased blending with the 6.7 keV lines at the res- 
olution of the BCS. Even a spectrometer with perfect spectral 
resolution would have blending problems for the 6.7 keV line 
group because of the presence of turbulence-broadened lines and 
short-wavelength components. 

Thus the 3p, 4p, and 5p satellite line groups are available 
for searching for nonthermal electrons since the upper levels of 
the satellites in each group are excited by mono-energetic elec- 
trons. In the case of the 73, 74, and js satellites (see Figure |7]i, 
the upper levels are ls2pCP)np^Ds/2, n = 3, 4, 5, with exci- 
tation energies 5.8 1 keV, 6.20 keV, 6.38 keV respectively. The 
method of Gabriel & PhillipsI (Il979l) can therefore be applied to 
these three satellites which are in practice always strong relative 
to the Fe xxv parent lines and well resolved, even during flare 
impulsive stages. 



4. Future observations 

The 7.7-8.6 keV range has not been selected for solar flare spec- 
trometers in the past presumably because the Fe xxv lines are ap- 
preciably weaker than the very strong Fe xxv w line at 6.70 keV 
- CHIANTI simulations indicate that for a temperature 20 MK, 
with the w line having unit total flux (photon units), the W3, W4, 
and W5 lines have total fluxes of 0.08, 0.02, 0.01. However, as 
is shown here, the diagnostic potential of this range is consider- 
able, and only modest spectral resolution is needed to obtain line 
flux ratios to obtain the temperatures of the hottest regions of 
flares and information about low-energy nonthermal electrons. 
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Fig. 7. Energy level diagram for (left) He-like Fe (Fe^^'* 
(right) Li-like Fe (Fe^^^) + e to illustrate monoenergetic exci 
tation of satellite lines. 
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Spectra in this region could also be of importance for diagnosis 
of tokamak plasmas. 

The range is available to crystal spectrometers, particu- 
larly those with bent geometries such as were used for the 
SMM Bent Crystal Spectrometer and the Yohkoh Bragg Crystal 
Spectrometer since their effective areas are much higher than 
equivalent scanning flat crystal spectrometers. Possible diffract- 
ing crystals include germanium (Ge 422), with 2d spacing equal 
to 2.31 A, though its integrated reflectivity is a factor 2 lower 
in the required range than at 6.70 keV, and lithium fluoride, 
LiF (420) with 2d = 1.80 A. The development of X-ray mi- 
crocalorimeters (instruments sensing tiny heat pulses created by 
incident X-ray photons) offers some possibilities for observing 
this range. The recent X-ray Sp ectrometer (XRS) on the Suzaku 
spacecraft ( Kelley et all l2007h consisted of an array of mi- 
crocalorimeters, and was designed to observe non-solar sources 
in the spectral range 0.3-12 keV with a resolution of only 6 eV, 
easily enough to resolve the Fexxiv satellite line structure at 
6.55-6.70 keV. Although it did not successfully make any obser- 
vations owing to an early loss of liquid helium cryogen needed 
to maintain a temperature of 60 mK, the designed sp ectral reso- 
lution was apparently achieved dKellev et al.L l2007l) . An instru- 
ment like this, capable of observing the 7.7-8.6 keV region with 
a time resolution high enough to follow the hard X-ray bursts at 
the onset of solar flares, would be ideal for the temperature de- 
termination of the hottest parts of the flare plasma and detection 
of nonthermal electrons. 

Acknowledgements. I am grateful for helpful discussions with Janusz Sylwester 
(Polish Academy of Sciences, Wroclaw, Poland) and Brian Dennis (NASA 
Goddard Space Flight Center), and for permission to use NEAR-Shoemaker 
PIN data granted by Richard Starr (GSFC). CHIANTI is a collaborative project 
involving Naval Research Laboratory (USA), University College London and 
Cambridge University (UK), George Mason University (USA), and Florence 
University (Italy). 



References 

Acton, L. W.. et al. 1980, Solar Phys., 65, 53 

Bely-Dubau, F. Gabriel, A. H., & Volonte, S. 1979, MNRAS, 186, 405 
Bely-Dubau, F, Gabriel, A. H., & Volonte, S. 1979, MNRAS, 189, 801 
Bitter, M., et al. 1979, Phys. Rev. Lett., 43, 129 
Culhane, J. L., et al. 1991, Solar Phys., 136, 89 

Dere, K. P., Landi, E., Mason, H. E., Monsignori Fossi, B. C, & Young, P. R. 
1997, A&AS, 125, 149 



